Interspecific complementation of an Escherichia coli recA mutant with plasmids containing a gene bank of Rhizobium meliloti DNA was used to identify a clone which contains the recA gene ofR. meliloti. The R. meliloti recA protein can function in recombination and in response to DNA damage when expressed in an E. coli recA host, and hybridization studies have shown that DNA sequence homology exists between the recA gene of E. coli and that of R. meliloti. The isolated R. meliloti recA DNA was used to construct a recA R. meliloti, and this bacterium was not deficient in its ability to carry out symbiotic nitrogen fixation.
The recA gene product of Escherichia coli is involved in several fundamental aspects of DNA metabolism. It 'has been established that the recA product is essential for DNA repair (9) , homologous recombination (3, 14) , and the expression of SOS functions in response to DNA damage (15) . The purified recA protein of E. coli is a multifunctional enzyme which can catalyze DNA-dependent hydrolysis of nucleoside triphosphates (23) , proteolysis of specific regulatory proteins (17) , and DNA strand exchanges analogous to steps in homologous recombination in vivo (5, 6) . The protein which catalyzes these activities is a single polypeptide with a molecular weight of approximately 40,000.
It is clear that proteins analogous to the recA gene product ofE. coli are important in the DNA metabolism of other bacterial species as well. Evidence has been presented that a recA-like protein functions in bacteria as diverse as Haemophilus influenzae (11) , Salmonella typhimurium (12), Streptococcus faecalis (24) , Proteus mirabilis (8) , and Agrobacterium tumefaciens (10) . In fact, the recA protein of P. mirabilis can function-efficiently when expressed from a plasmid in E. coli (8) .
We have used interspecific complementation to identify a DNA fragment containing the recA gene of Rhizobium meliloti, a species important in symbiotic nitrogen fixation. A functional similarity exists between the recA protein of E. coli and that of R. meliloti, and hybridization experiments suggest that considerable sequence homology exists between these two species and also among other bacteria related to R. meliloti.
Once identified, the DNA fragment containing the recA gene was used to generate a recA mutant of R. meliloti. This mutant bacterium was not impaired in its ability to carry out symbiotic nitrogen fixation.
MATERIALS AND METHODS
Bacterial and phage strains. The bacterial strains used are listed in Table 1 . Phage X bio252 c1857 contains a biotin substitution for A genes int to N.
Media. E. coli strains were grown in LB medium. Rhizobium strains were grown in either yeast manitol medium (21) or Rhizobium minimal medium (13) . Antibiotics used for selection were at the following concentration: tetracycline, 15 Fg/ml for E. coli and 5 ,ug/ml for R. meliloti; kanamycin and neomycin, 50 ,ug/ ml each; gentamicin, 60 ,ug/ml; nalidixic acid, 10 ,ug/ iml. To test for growth of bacteria in the presence of methyl methanesulfonate (MMS), 100 ,ul of a 2% solution was spread on the surface of an LB plate.
Plasmids. Plasmid pRK290 (7) is a broad-host range cloning vector derived from the Pl incompatibility group plasmid RK2 and confers tetracycline resistance; pRK2013 is a helper plasmid of pRK290 which carries the conjugal transfer genes of RK2 and confers kanamycin resistance (7) . pRK2073 is a derivative of pRK2013 which carries a Tn7 insertion in the kanamycin resistance gene. pPHIJI belongs to the incompatibility group Pl and confers gentamicin resistance (1) .
pBEU14 is an amplifiable derivative of an Rl replicon which carries the recA gene of E. coli (19) . pUC9 is a high-copy-number ColEl derivative which confers ampicillin resistance (20 Ditta et al. (7) have described the construction of a gene bank containing greater than 98% of the R. meliloti genome by cloning BglII restriction fragments of R. meliloti DNA into the broad-host range-plasmid pRK290. The gene bank, maintained in E. coli HB101 as 1,400 clones, was grown on LB tetracycline plates overnight, and the colonies were then scraped off the plates and pooled. A sample containing approximately 6.5 x 104 cells was plated on an LB plate supplemented with MMS. An equal number of bacteria harboring plasmid pRK290 alone were plated as a control. After overnight growth, colonies appeared from the gene bank containing cells at a frequency of 3 x i0-, whereas none appeared among the controls.
Restriction analysis of the plasmid DNA from six MMS-resistant colonies revealed that each contained the same insert into the plasmid pRK290. To demonstrate that the MMS resistance phenotype was plasmid encoded rather than due to bacterial mutation, the plasmid DNA was retransformed into strain HB101. All transformants became MMS resistant. Thus, heterologous complementation allowed us to identify a segment of R. meliloti DNA which can express one recA gene-like function.
Restriction mapping, TnS mutagenesis, and construction of an R. meliloti recA mutant. A plasmid, designated pRK290.34, which can complement the Rec phenotype of strain HB101 was described above. A restriction map of the 34-kilobase (kb) insert in this plasmid is shown in Fig. 1 . TnS mutagenesis was used as one Sriterion to localize the presumptive R. meliloti recA gene. The transposon TnS was randomly inserted into pRK290.34 as described above. E. coli HB101 harboring pRK290.34::Tn5 were then tested for MMS resistance. Of 50 colonies tested, 1 containing the plasmid designated pRMB1002 was no longer MMS resistant, Restriction mapping and subsequent Southern hybridization (see below) revealed that the R. meliloti gene capable of Rec complementation is centrally located within the 4.8-kb BamHI fragment A; the position of this insertion is shown in Fig. 1 (Fig. 2a) .
Since characterized the activit'y of the presumptive R. meliloti recA gene in E. coli to study those activities which have been functionally conserved.
The ability of the R. meliloti recA gene product to catalyze genetic recombination in an Hfr cross was measured, and the results are shown in Table 2 . A derivative of plasmid pRK290.34 containiag a TnS insertion in the vector DNA, pRMB1008, permitted 50%6 of the wild-type level of recombination.
In E. coli, the plasmid pRK290.34 also allows a A red gam-phag to plate on a lawn of recA bacteria (Table 3 ). In a recA host, a A red-gamphage is incapable of growth (the Fec phenotype [25] ). We also examined the ability of plasmid pRMB1008 to suppress the UV sensitivity phenotype of an E. coli recA. Figure 2b shows that there is approximately a twofold UV resistance conferred by pRMB1008.
In conclusion, the plasmid pRK290.34 and its derivative pRMB1008 contain a fragnent of R. meliloti DNA which is capable of being expressed in E. coli. The plasmid can fully or partially suppress several Rec-phenotypes, including recombination deficiency in an Hfr cross, inability to plate a X red-gam-phage, UV sensitivity, and MMS sensitivity.
Sequence homoy between the E. coli and R.
melulot recA gene. The previous sections demonstrated that a segment ofR. meliloti DNA was expressed in E. coli and suppressed a Recphenotype. In this section, we show that consid- 155, 1983 quence homology exists between the recA gene of E. coli and that of R. meliloti as well as to DNA of the related species R. leguminosarum, R. japonicum, and A. tumefaciens. In vivo assays for the function of the R. meliloti recA gene in E. coli have allowed us to characterize those protein activities which have been conserved. UV sensitivity, characteristic of an E. coli recA mutant, was partially suppressed (twofold) by the R. meliloti recA protein expressed from the plasmid pRMB1008. Expression of this plasmid and of its parent pRK290.34 also allowed growth of E. coli in the presence of the DNAalkylating agent MMS. Both UV irradiation and exposure to MMS elicit the SOS response in wild-type E. coli and allow the bacteria to survive the DNA damage induced by these agents. Since the expression of the R. meliloti recA gene in E. coli increases cell viability in response to these DNA-damaging agents, it appears that the R. meliloti protein is able to allow increased survival of E. coli cells in response to DNA damage. In addition, the recA proteins of R. meliloti and E. coli appear similar in their ability to catalyze genetic recombination. Expression of plasmid pRMB1008 in the recA strain MB4 restored recombination proficiency in an Hfr cross and allowed a X red-gam-phage to plate on strain HB101. Thus, the recA protein of R. meliloti phenotypically resembles the functional E. coli recA protein in recombination. Quantitative differences between the E. coli and R. meliloti recA proteins in their ability to catalyze recA-dependent functions may reflect a difference in promoter expression or protein level regulation in different genera.
After the identification of a clone containing the recA gene of R. meliloti, a recA derivative of R. meliloti was constructed. Several important questions were then asked concerning Rec function in bacterial growth and development. We found that a recA R. meliloti is proficient in symbiotic nitrogen fixation, suggesting that recA-dependent recombination is not required for symbiosis with the root nodules of alfalfa. By comparison, Klapwijk et al. (10) found that a recombination-deficient strain of the closely related species A. tumefaciens is not altered in its ability to induce plant tumors. We also found that the megaplasmid of Rm102F34, which carries genes essential for symbiotic nitrogen fixation, could still be detected in the R. meliloti recA mutant (unpublished observations).
The recA strain described here will be of further interest in genetic studies of R. meliloti. Since considerable conservation of the recA sequence between E. coli and R. meliloti is evident, it may be possible to generate recA mutants of other Rhizobium species by using the recA GENE OF R. MELILOTI 315 plasmid pRMB1002. In addition, heterologous complementation among gram-negative bacteria may be an efficient way to identify the recA gene of a variety of bacterial species.
